Background: In recent decades, native Araucaria forests in Brazil have become fragmented due to the conversion of forest to agricultural lands and commercial tree plantations. Consequently, the forest dynamics in this forest type have been poorly investigated, as most fragments are poorly structured in terms of tree size and diversity. Methods: We developed a distance-independent individual tree-growth model to simulate the forest dynamics in a native Araucaria forest located predominantly in southern Brazil. The data were derived from 25 contiguous plots (1 ha) established in a protected area left undisturbed for the past 70 years. The plots were measured at 3-year intervals from their establishment in 2002. All trees above a 10-cm diameter at breast height were tagged, identified as to species, and measured. Because this forest type comprises hundreds of tree species, we clustered them into six ecological groups: understory, subcanopy, upper canopy shade-tolerant, upper canopy light-demanding, pioneer, and emergent. The diameter increment, survival, and recruitment sub-models were fitted for each species group, and parameters were implemented in a simulation software to project the forest dynamics. The growth model was validated using independent data collected from another research area of the same forest type. To simulate the forest dynamics, we projected the species group and stand basal areas for 50 years under three different stand-density conditions: low, average, and high. Results: Emergent species tended to grow in basal area, irrespective of the forest density conditions. Conversely, shade-tolerant species tended to decline over the years. Under low-density conditions, the model showed a growth tendency for the stand basal area, while under average-density conditions, forest growth tended to stabilize within 30 years. Under high-density conditions, the model indicated a decline in the stand basal area from the onset of the simulation, suggesting that under these conditions, the forest has already reached its maximum-stock capacity. Conclusions: The model validation using independent data indicated close agreement between the observed and estimated values, suggesting the model is consistent in projecting species-group and stand growth. The methodology used in this study for developing the growth model should be tested in other species-rich forests.
Background
The humid subtropical forests in South America exhibit a structure similar to that of tropical forests, but with fewer species and a lower tree density (Sands 2005) . One of these subtropical forests is the Araucaria forest located primarily in southern Brazil between 20 and 30°s outh latitude (Behling and Pillar 2007) and comprised of hundreds of tree species. Araucaria angustifolia (Bert.) O. Kuntze is the most important species of this forest type and is regarded as Brazil's most important native conifer.
Extensive commercial logging has left this forest type in fragments surrounded by agricultural crops, pasture, and grasslands (Koch and Corrêa 2002; Sands 2005) . Between 1915 and 1960, Brazil exported 18.5 billion cubic meters of wood, most of it from Araucaria forests. Between 1960 and 1970, over 200 ,000 ha of Araucaria species were deforested. Today, this ecosystem is considered one of the most threatened in Brazil (Carlucci et al. 2011) , and Araucaria angustifolia appears on the IUCN (International Union for Conservation of Nature and Natural Resources) red list of threatened species as critically endangered.
Research on the forest dynamics of native araucarian forests is still incipient, mainly because most of the forest fragments are poorly structured. To gain a better understanding of the forest dynamics, growth models have been developed to evaluate the structure and composition of the forest over time. These powerful tools can be used to explore how the forest will change in response to adversity and stand conditions (Newton 2007) .
Because of inherent limitations, modelling approaches such as transition matrices and stand-table projections are no longer recommended to predict stand development in species-rich forests, except where the stand data are available only in summarized form (Vanclay 1994, p.55) . Nevertheless, these approaches have been widely applied to simulate the forests dynamics in Brazilian Araucaria forests (Sanquetta 1999; Mello et al. 2003; Stepka et al. 2010; Ebling et al. 2012; Dalla Lana et al. 2015) .
Compared to matrix models, individual tree-growth models provide more versatility and a greater richness of detail to simulate growth in mixed forests (Zhao et al. 2004 ). Many individual tree-growth models have been developed to predict forests dynamics, particularly in the last two decades (Botkin 1993; Liu and Ashton 1998; Chave 1999; Huth and Ditzer 2000; Köhler et al. 2001; Tietjen and Huth 2006; Pütz et al. 2011) . Some of these individual tree-based growth models have been used to evaluate the dynamics in tropical forests, but few have been constructed to investigate succession in coniferangiosperm mixed forests in subtropical regions.
This study is the first application of these modeling approaches to araucarian forest fragments in Brazil. The aim was to simulate the dynamics of the ecological species groups and the forest as a whole by using a distanceindependent individual tree-growth model constructed for Brazil's native Araucaria forests.
Methods

Experimental site
The study area is part of the Irati National Forest (FLONA; 25.4°S, 50.6°W), a conservation unit that has been protected for over 70 years to encourage research in the forests of southern Brazil. Before the creation of the National Forest, the area underwent selective logging, but it has since been preserved.
The climate is "Cfb" according to the Köppen classification system, with an average annual rainfall of 1442 mm and no dry season. The average temperatures are 22°C in January and 10°C in July, with more than five frosts a year.
The study area was composed of 25 ha sampled as a series of contiguous 1-ha plots (100 m × 100 m), each subdivided into four 2500-m 2 (50 m × 50 m) plots. Beginning in 2002, these plots were measured every 3 years. All trees with a diameter at breast height (DBH) greater than 10 cm were tagged, measured, and identified to the species level .
Grouping species
For highly diverse forests, it is often impractical to fit mathematical models to each species. To reduce the number of parameters, the species should therefore be grouped according to common characteristics (Vanclay 1991a; Purves and Pacala 2008) . The species grouping is a key process in developing growth models for natural forests (Alder and Silva 2000) , and several authors have discussed the best way to group them for modeling natural forest dynamics (Vanclay 1991a; Köhler and Huth 1998; Phillips et al. 2002; Gourlet-Fleury et al. 2005; Picard et al. 2010 Picard et al. , 2012 .
We followed the methodology suggested by Alder et al. (2002) which has also been found useful by Lujan-Soto et al. (2015) in Mexican natural forests. This particular method defines ecological groups according to the position of the tree species on a two-axes graph with the average diameter increment (cm · yr −1 ) plotted against the 95th percentile of the diameter distribution (Fig. 1) when the diameters at breast height are sorted in ascending order (Alder et al. 2002) . The maximum tree size was represented by the 95th percentile of the size distribution rather than the maximum observed size (King et al. 2006 ) to prevent bias from any errors or outliers.
Alder's approach clustered species into six ecological groups: understory, subcanopy, upper canopy shade tolerant, upper canopy light demanding, pioneer and emergent. For example, understory species present low diameter growth rates (Y-axis of the graph) and do not reach big sizes (observed on the 95th percentile of diameter distribution, X-axis), pioneers present high diameter growth rates and do not reach big sizes. Conversely, emergents present high diameter growth rates and attain big sizes.
While Alder et al. (2002) used cluster analysis to define the species groups, we defined them by plotting the data for the 107 species present in the sample area (25 ha) with more than 10 observations as described above ( Fig. 1) and visually compared it to the two-axis graph proposed by Alder et al. (2002) .
For the species with few observations (n < 10), Alder's approach did not correspond to any known ecological groups in araucarian forests. Therefore, rare species (n < 10) were included in the group that most resembled the ecological description of the species as reported in the literature. The complete list of tree species and their ecological groups are presented in the Appendix.
Sub-models to predict forest dynamics
Sub-models of the diameter increment, survival, and recruitment were fitted for each of the six ecological groups formed. When analyzing forest growth, it is convenient to distinguish one-and two-sided competition. One-sided competition refers to resources such as light, which may be intercepted by overtopping trees and denied to overtopped. In contrast, two-sided competition refers to competition for other resources such as nutrients (Vanclay 1994, p. 161-162; Weiskittel et al. 2011) . One-sided competition is well represented by the variable BAL (basal area in larger trees), which indicates the "sociological ranking" of the trees within the plot (Ledermann and Eckmüllner 2004) .
The diameter increment sub-model employed an equation (Eq. 1) suggested by Vanclay (1994) , p.166,
where ln is the natural logarithm, Δd i is the diameter increment (cm · yr
) of tree i, DBH is the diameter at breast height (cm) of tree i calculated for the middle of the interval (Vanclay 1994, p. 158) ), and β i are the estimated parameters. This is an easily fit and robust model whose trend line is very similar to those of other models that represent the biological behavior of the diameter increment (Vanclay 2012) .
A value of 0.2 was added when fitting the diameter increment to accommodate negative or zero increments (common in tropical forests) and enable the logarithmic transformation of null and negative values, because omitting these observations would have introduced bias and resulted in overestimates of the diameter increment (Vanclay 1991a) . Because zero and negative increments are related to several factors that vary among the different data surveys, other studies have used offsets smaller (Vanclay 1991a) or larger than 0.2 (Kariuki et al. 2006; Easdale et al. 2012) . A graphical analysis of the data offers an effective way to define the best value to use.
The design of the plots in the sampled area with blocks (1 ha) divided in quadrats (2500 m 2 ) allowed us to test different plot sizes when fitting diameter increment models. The p-value of the variable BAL revealed that quadrats were more effective than blocks when fitting diameter increment, whereas 1-ha blocks were more representative for plot basal area (G). This reflects the reality that competition for water and nutrients may extend over a much larger area than competition for light. Recruitment was estimated at plot level based on 1-ha plots. All recruitment trees are set to start with 10 cm of DBH, as this is the minimum-recorded tree size. The number of recruitment trees for each species group are estimated depending on two variables: group basal area (G g ) and stand basal area (G). Group basal area was chosen because more trees of a particular species group will recruit if more density of that group is present within the plot. Stand basal area was included in the model because species groups behave differently according to the density of trees. For example, shade-tolerants tend to benefit in crowded stands compared to lightdemandings.
Recruitments were estimated by (Eq. 2)
where ln is the natural logarithm, N is the number of trees per plot, G g is the basal area of the group g in the plot (m 2 · ha −1 ), and G is the plot basal area (m 2 · ha −1 ). This approach is consistent with other recruitment models (Vanclay 1992) .
Natural variability was included in the model by combining compatible deterministic and stochastic components to estimate tree survival. The deterministic estimate of tree Fig. 1 Araucaria forest data displayed using the two-dimensional species-classification system proposed by Alder et al. (2002) . Upp. Can. Shade Tol. = upper canopy shade-tolerant; Upp. Can. Light Dem. = upper canopy light-demanding; incr, increment survival was performed conventionally (Vanclay 1991b) with logistic regression using the same competition variables (BAL and G) employed in the diameter increment sub-model as the independent variables. Several transformations of DBH, such as DBH 0.5 , DBH 2 , and DBH −1 were examined to achieve a suitable response curve, with the resulting equation (Eq. 3)
where p is the survival probability in three years, X 1 and X 2 are transformations of DBH, BAL i and G are as defined above.
At each time step of the model, six new records (one for each species group) are added to represent recruitment, with the number of recruit trees in each record estimated by Eq. 2. The survival of each record depends on the number of individuals represented by the record, with mortality simulated deterministically when stem counts are high, and implemented stochastically when stem counts fall below a user-specified threshold (termed 'granularity' , and usually set between 0 and 1 per ha). The higher the threshold (granularity), the more run-to-run variation there will be in predictions. If the model-user sets the threshold to 0 the tree survival will be estimated deterministically.
ARC statistical software (Cook and Weisberg 1999) was used to estimate the parameters, which were subsequently included in the simulation software Simile (Muetzelfeldt and Massheder 2003) to model the forest dynamics at the species-group and stand levels by projecting the basal areas. Simile is a useful tool to simulate forest dynamics, because it has several advantages in comparison to other simulation software (Vanclay 2003) , particularly the visual interface that makes models accessible to those who are unfamiliar with computer programming (Muetzelfeldt and Massheder 2003) .
Evaluation and model validation
The validation of the growth model was performed with data from another sampled area approximately 100 km from our study area and located in the protected National Forest (FLONA) of Três Barras in Santa Catarina state, where 26 1-ha permanent plots were established and measured once in 2004 and again in 2009. The structure of the forest where the data was collected to validate the model is similar to the structure of the sampled area used to parameterize the model, presented in an advanced stage of succession.
The data observed in the field in 2009 were compared to the data projected by the model using the data from the first survey (2004) conducted in the sampled area as input. The comparisons between the projected and observed values were performed in the last survey year (2009), by calculating bias, (ē) precision (s e ) and accuracy (m x ), as suggested by Pretzsch (2009) .
where x i is the predicted value of plot i, X i is the observed value of plot i and n is the number of plots. Bias corresponds to a systematic deviation between observed and estimated values and is calculated by the mean difference between them. The precision indicates the concentration of predicted values around the arithmetic mean of the simulations. It is calculated from the deviation of the simulation from the observed values. The accuracy is calculated from the bias and precision and represents the degree to which the estimation approximates the reality. It can be unsatisfactory or poor when bias and low precision occurs, respectively (Pretzsch 2009 ).
Simulating forest dynamics
The model has a 1-ha spatial resolution and a temporal resolution (time-step) of 1 year. We selected three 1-ha plots that have different characteristics in terms of density-the plot with the lowest basal area (15.5 m 2 · ha −1 ) in the sampled area, a plot with an average basal area (29.2 m 2 · ha −1 ), and the plot with the highest basal area (39.1 m 2 · ha −1 ) in the sampled area-to start the model. This allowed us to check its behavior under different conditions in terms of initial density. Basal area projections were made for the species groups (G g ) and stand (G) for a period of 50 years.
Results and discussion
The diameter increment, survival, and recruitment submodel parameters that were fitted for the species groups are shown in Table 1 .
For the diameter-increment models, only the independent variables of the pioneer group (Group 5) were not significant (p > 0.05), but they were nevertheless included in the model since the signs of the coefficients exhibited biological consistency. As expected, BAL and G had negative signs, indicating that the increased competition reduced the diameter increment. However, a significant BAL was expected for the pioneer group, as this group has high light demands. One hypothesis to explain the lack of significance of these variables for the pioneers may be that this group contains few observations due to the forest being at an advanced stage of succession.
As for survival, the BAL variable was only being significant (p < 0.05) for the three shade-tolerant groups, suggesting that larger trees such as the representatives of the emergent and upper canopy light-demanding groups cause mortality in the three shade-tolerant groups. The stand basal area variable (G) was only significant for the understory, indicating that this is the group most affected by density. With respect to recruitment, G was insignificant for the tested models, but because the coefficients were consistent with biological expectations and experience elsewhere (Weiskittel et al. 2011) , the variable was retained in the model.
Validation of the growth model and simulations of forest dynamics
The errors in bias, precision, and accuracy were calculated as percentages (Pretzsch 2009 ) and are shown in Table 2 .
Errors greater than 11 % for the bias, precision, and accuracy were observed in three groups: the understory (G1), upper canopy shade-tolerant (G3) and pioneer groups (G5), but those for the stand basal area (G) did not exceed 3 %.
Pioneer groups (G5) exhibited in the largest errors among the species groups, because this is the most diverse species group. Conversely, emergents (G6) exhibited the smallest errors in bias, precision and accuracy as this group is mainly represented by one tree species, namely Araucaria angustifolia (see Appendix).
Simulation of forest dynamics
After validating the model, it was used to predict the basal area of the species groups and stand ( Fig. 2) with 50-year simulations using three plots with different densities: the plot with the lowest basal area (Fig. 2a and b) , a plot with an average basal area ( Fig. 2c and d) , and the plot with the highest basal area (Fig. 2e and f ) .
For the three plots analyzed, the projections indicated that the basal area tends to grow in emergent species, while that of the shade-tolerant species tends to decline (Fig. 2a, c and e) . The model did not show any major change in the basal area of the light-demanding upper canopy over the simulated period. However, the growth of emergent species is not indefinite, and stabilization occurred close to 200 years after beginning the simulations. This estimate is consistent with the reality observed in the field given that the emergent group is composed solely of Araucaria angustifolia and Ocotea porosa, two of the most long-lived species of this forest type. Ocotea porosa is possibly the most long-lived species and can live for more than 500 years (Carvalho 1994) . Studies based on stem analysis (counting annual rings) showed that Araucaria angustifolia can grow for up to~300 years (Carvalho 2003) .
In the plot with low density, the model showed a growth trend in the stand basal area (Fig. 2b) over the 50-year simulation. The stand basal area growth stabilized in a period similar to that of the emergent species, that is, 200 years after the onset of the simulations. In the plot Fig. 2 Fifty-year projections for the species group and stand basal areas. Plot simulations are for low (a, b), average (c, d), and high densities (e, f). The curves are averages from 20 simulations (granularity = 0.2), and the vertical bars indicate one standard deviation above and below the mean. G1, understory; G2, subcanopy; G3, upper canopy shade-tolerant; G4, upper canopy light-demanding, G5, pioneer; G6, emergent; G, stand basal area with average density, the model indicated a growth trend for the first 30 years after initiating the simulation (Fig. 2d) , after which the growth stabilized.
In the plot with the highest density, the model indicated a decline in stand basal area from the onset of the simulations (Fig. 2f) , which was justified by the sharp decline in the basal area of two shade-tolerant groups, the subcanopy and the shade-tolerant upper canopy (Fig. 2e) . This decline in the basal area in the high-density plot indicates high mortality rates, suggesting it has already reached its maximum stock.
Other studies have been conducted to evaluate the forest dynamics for different species groups in speciesrich forests by using individual tree-growth models (Köhler and Huth 1998; Huth and Ditzer 2000; Tietjen and Huth 2006; Groeneveld et al. 2009 ). In most cases, the emergent or climax species showed a growth tendency after 50-year simulations (Köhler and Huth 1998; Huth and Ditzer 2000; Tietjen and Huth 2006) , corroborating our results, even though most of these studies applied process-based models.
It is important to consider that comparisons between the results of different models are difficult, because they are constructed for different purposes, parameterized for forests that differ in typology and structure, and reported according to their objectives (Phillips et al. 2004) .
Overall, however, the methodology used in this study to project the forest dynamics using an empirical independent-distance individual tree-growth model constructed specifically for Araucaria forests has proven to be an effective means of assessing the forest dynamics in this forest type. We recommend testing the methodology applied in this study with other species-rich forests.
Conclusions
The validation of the model we constructed using independent data collected from another research area indicated consistency within the model in projecting the stand and ecological species-group growth in the Araucaria forest. The method for grouping the species proposed by Alder et al. (2002) was efficient and, according to the literature, consistent with the ecological characteristics of the main species of the forest.
The 50-year projections for the three plots of the study area revealed that the emergent-species group tends to grow in basal area, irrespective of forest density. Conversely, the model indicated that the shade tolerantspecies groups tend to decline in basal area over time, which was more pronounced in the high-density plot.
Regarding projections for the stand basal area, the model indicated more vigorous growth in the lowdensity plot over the simulated period. Conversely, a decline of basal area was observed over time in the high-density plot, suggesting that this plot has already reached its maximum stock, probably due to mortality in the shade-tolerant species.
In conclusion, we recommend that the growth model we constructed be used to investigate the forest dynamics in Brazilian native Araucaria forests. The methodology used for developing this growth model, particularly the method applied for grouping the species in this study, can also be tested in other species-rich forests. Data collected in 2011, hyphen (-) on diameter increment column indicates that the tree species recruited in 2011, and therefore growth data is not available
